INTRODUCTION
During this past year we accomplished all of the goals which we set forth for Year -01 on this project. First, we modified the PPLL hardware by integrating software modifications such that our clinical studies will be greatly facilitated. Although mean ICP is commonly used for ICP monitoring, the analysis of ICP waveforms is also important because the waveforms contain information on intracranial compliance and cerebrovascular tonus which cannot be estimated from mean ICP (1) . Our technique, the principle of which is called pulsed phase-locked loop (PPLL), is based upon detecting skull movements which occur with fluctuations in ICP. Although the skull is often assumed to be a rigid container with a constant volume, many researchers (2) (3) (4) (5) (6) have demonstrated that the skull moves on the order of a few #m in association with changes in ICP. This year's studies were designed to validate our noninvasive technique for the measurement of ICP waveforms.
METHODS
The ultrasound technique we utilized to detect skull pulsation is based upon a modification of the pulsed phase-lock loop design (7) , making it possible to measure slight changes in distance between an ultrasound transducer and a reflecting target. Sensitivity of the device is on the order of 0.1 #m. In the typical operation of the PPLL, the instrument transmits a 500 kHz ultrasonic tone burst through the cranium via a transducer placed on the head. The ultrasonic wave passes through the cranial cavity, reflects off the inner surface of the opposite side of the skull, and is received by the same transducer. The instrument compares the phase of emitted and received waves and alters the frequency of the next stimulus to maintain a 90°phase difference between the output of the device and the received signal. This repetition takes place at intervals of approximately 0.5 msec to 20 ms.
The details of PPLL are described elsewhere (7, 8) . Briefly, if path length is changed by AI, the frequency shift (Af) of the ultrasound which is made to maintain the 90°p hase difference between the output of the device and the received signal can be expressed as AI/I = -Af/f (see Appendix). This is the fundamental PPLL technique. In order to provide continuous monitoring, we modified the PPLL circuit to integrate error signals of the phase shift from normal 90 o phase difference (PPLL output). Theoretically, integration of the error signals also correlates with altered path length (Al).
BENCH TESTS: A specially constructed aluminum cylinder was used to examine the PPLL output characteristics.
Two pressure-resistant tubes were connected to the cylinder filled with saline. The other ends of the two tubes were connected to a plastic syringe and a fiber-optic, transducer-tipped catheter (Camino Laboratories, San Diego) which measures fluid pressure, respectively.
An ultrasonic transducer was placed on the top of the cylinder. Pressure pulsations were generated at a frequency of 1 Hz by pumping the syringe while its amplitudes were changed randomly. Changes in distance were calculated from changes in ultrasound frequency. page 5 Our model experiments demonstrated that changes in the PPLL output correlated with changes in the distance to a high degree ( Fig. 1) . Theoretically, the distance calculated from the ultrasound frequency can be obtained independently of PPLL output. In the results, PPLL output is expressed as: Aint (voltage) = 2.33 -10-4 AI (#m) equation 1
where Aint and AI are the changes in PPLL outputs and distance, respectively.
CADAVER STUDY:
Our second goal for Year-01 was to evaluate the correlation of PPLL output and directly-measured ICP in fresh human cadavera. In supine position, a catheter was inserted into the frontal horn of the right lateral ventricle through a burr hole, and the other end of the catheter was connected to pressure tubing and a plastic syringe. To correlate the PPLL output with ICP directly, a fiber-optic, transducer-tipped catheter was placed in the epidural space through another burr hole. The ultrasound transducer was placed on the temporal area above the ear and fixed with pressure cuff around the head to adjust the surface pressure on the transducer.
Pulsatile changes in ICP were generated by infusing saline into the lateral ventricle at a frequency of 1 Hz. In the first experiment (cadaver A), we recorded the PPLL output while generating ICP pulsations and thereafter increased the circumference pressure around the head in steps of 10 mmHg (0-40 mmHg) by inflating the pressure cuff. In the second experiment (cadaver B), we recorded the pulsatile PPLL output by infusing saline of different temperatures into the ventricle (4°C and 20°C). The amplitudes were calculated based upon the fundamental harmonic of the data using 256 point-fast Fourier transformation (sampling rate: 50 Hz) to avoid distortion caused by other frequency waves.
RESULTS
The PPLL output closely followed the pulsatile component of ICP (Fig. 2 ). The results of fast Fourier transformation are provided in the top insert, showing the coincidence between the PPLL output and ICP pulse cycles. In the results of the first experiment, the ratio of PPLL amplitude to ICP amplitude significantly decreased along with increased external compression around the head: 

DISCUSSION
The results demonstrate that our PPLL device can clearly detect changes in the integrated phase shifts of the transmitted ultrasound (PPLL outputs) in association with alterations in ICP. As shown in the Appendix, the observed phase shift can be caused by changes in the distance between the transducer and the opposite side of the skull and also by changes in the ultrasound velocity in the cranium. However, we believe that changes in the PPLL output observed in our cadaveric studies represent small but detectable skull movements associated with alterations in ICP.
Infusion of saline into the ventricle could change the temperature inside the cranium, resulting in altered sound velocity. As another possible factor, changes in the density of the brain tissue due to altered ICP could affect ultrasound velocity. In the cadaver study, however, no significant difference was observed in the amplitudes of PPLL when different temperature saline was infused into the ventricle. Also, increased circumferential pressure around the head decreased PPLL amplitudes. This observation cannot be explained by changes in ultrasound velocity. This study may be the first report to measure skull movements noninvasively in association with alterations in ICP.
According to the equation 2, the ratio of PPLL amplitude to ICP amplitude is expressed as: where n = I/_, (I: initial distance between a transducer and a target, _,: initial wavelength).
A/I, AI Therefore, 
SUMMARY
The present study was designed to validate our noninvasive ultrasonic technique (pulse phase locked loop: PPLL) for measuring intracranial pressure (ICP) waveforms. The technique is based upon detecting skull movements which are known to occur in conjunction with altered intracranial pressure. In bench model studies, PPLL output was highly correlated with changes in the distance between a transducer and a reflecting target (R2=0.977). In cadaver studies, transcranial distance was measured while pulsations of ICP (amplitudes of zero to 10 mmHg) were generated by rhythmic injections of saline. Theoretically,integrationof the error signalsalso correlateswith altered path length (A/).
METHODS
BENCH TEST."
A specially constructed aluminumcylinder was used to examine the PPLL output characteristics. Two pressure-resistant tubes were connected to the cylinder filled with saline. The other ends of the two tubes were connected to a plastic syringe and a fiber-optic, transducer-tipped catheter (Camino Laboratories, San Diego) which measures fluid pressure, respectively. An ultrasonic transducer was placed on the top of the cylinder. Pressure pulsations were generated at a frequency of 1 Hz by pumping the syringe while its amplitudes were changed randomly. Changes in distance were calculated from changes in ultrasound frequency.
CADAVER STUDY:
The correlation between the PPLL output and ICP were evaluated in two fresh cadavera (age 85 and 90) which were less than 48 hours postmortem. In supine position, a catheter was inserted to the frontal horn of the right lateral ventricle through a burr hole, and the other end of the catheter was connected to pressure tubing and a plastic syringe. To correlate the PPLL output with ICP directly, a fiber-optic, transducer-tipped catheter was placed in the epidural space through another burr hole. The ultrasound transducer was placed on the temporal area above the ear and fixed with pressure cuff around the head to adjust the surface pressure on the transducer. Pulsatile changes in ICP were generated by infusing saline into the lateral ventricle at a frequency of 1 Hz. In the first experiment (cadaver A), we recorded the PPLL output while generating ICP pulsations and thereafter increased the circumference pressure around the head in steps of 10 mmHg (0-40 mmHg) by inflating the pressure cuff.
In the second experiment (cadaver B), we recorded the pulsatile PPLL OutPut by infusing saline of different temperatures into the ventricle (4°C and 20°C).
DATA ANAL YSIS:
The amplitudes were calculated based upon the fundamental harmonic of the data using 256 point-fast Fourier transformation (sampling rate: 50 Hz) to avoid distortion caused by other frequency waves.
RESULTS
BENCH TEST:
Our model experiments demonstrated that changes in the PPLL output correlated with changes in the distance to a high degree (Fig. 1) . Theoretically, the distance calculated from the ultrasound frequency can be obtained independently of PPLL output. In the results, PPLL output is where Aint and Al are the changes in PPLL outputs and distance, respectively.
,CADAVER STUDY:
The PPLL output closely followed the pulsatile component of ICP (Fig. 2) The queslion is: How do you define z fixation from the 60-Hz los data? or equivalently:
How much movement does the eye make Ixfore it is fixating elsewhere? Like many good probie'nls, this one has been asoood for a while so zumdasd averaging algorithms arc uv'ail4_}¢ to convert los data to fixations. iNTRODUCTION Exposure to microgravity causes a cephaled fluid shift which may elevate intracrenial pressure (ICP). Elevation in ICP may affect cerebral hemodynarnics in astronauts during space flight. ICP is, however, a difficult parameter to measure dub to the invasivanass of currently available techniques. We already reported our development of a non-invasive ultrasound device for measurement of ICP. We recently modified the device so that we might reproducibly estimate ICP changes in association with cardiac cycles. METHODS In the first experiment, we measured changes in cranial distance with the ultrasound device in cedavem while changing ICP by infusing saline into the lateral ventricle. In the second experiment, we measured changes In cranial distance in five healthy volunteers while pteclng them in 60°, 30 _ heed-up tilt, supine, and 10" hee_down tilt position.
RESULTS
In the cadaver study, fast Fourier transformation revealed that cranlal pulsation is cleady associated with ICP pulsation. The ratio of cranial diaries and ICP pulsation is 1.31Lm/mmHO. In the tilting study, the magnitudes of cranial pulsation am linearly correlated to tilt angles (r=0.87). CONCLUSION The ultrasound device has sufficient sensitivity to detect orlmial pulsation in association wllh cardiac cycles, By analyzing the mlgnltude of cranial pulsation, estimates of tCP during space flight ars pooslble. (Supported by NASA grant 199-26-12-34) 
